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and 4Cepheid, Bothell, WashingtonABSTRACT Immobilization is a key step involved in probing molecular interactions using single-molecule force spectroscopy
methods, including atomic force microscopy (AFM). To our knowledge, we describe a novel approach termed flexible nanoarray
(FNA) in which the interaction between the two internally immobilized amyloid b peptides is measured by pulling of the tether.
The FNA tether was synthesized with nonnucleotide phosphoramidite monomers using the DNA synthesis chemistry. The two
anchoring points for immobilization of the peptides inside the tether were incorporated at defined distances between them and
from the ends of the polymer. Decamers of amyloid b peptide capable of dimer formation were selected as a test system. The for-
mation of the peptide dimers was verified by AFM force spectroscopy by pulling the tether at the ends. In these experiments, the
thiolated end of the FNA tether was covalently immobilized on the AFM substrate functionalized with maleimide. The other end
of the FNA tether was functionalized with biotin to form a noncovalent link with the streptavidin functionalized AFM tip during the
approach stage.Thedimers’ rupture fingerprintwasunambiguously identified on the force curvesby its positionand the forcevalue.
TheFNAdesignallowed reversible experiments inwhich themonomerswere allowed to associate after the rupture of the dimers by
performing the approach stage before the rupture of the biotin-streptavidin link. This suggests that the FNA technique is capable of
analyzingmultiple intermolecular interactions in thesamemolecular complex. Thecomputational analysis showed that the tethered
peptides assemble into the same dimer structure as that formed by nontethered peptides, suggesting that the FNA tether has the
necessary flexibility to enable assembly of the dimer even during the course of the force spectroscopy experiment.INTRODUCTIONSingle-molecule force spectroscopy (SMFS) is traditionally
used for measuring intermolecular interactions. In the
atomic force microscopy (AFM)-based SMFS, one of the
widely used techniques, the interacting partners are immobi-
lized on the surface and AFM tip. This approach was used to
measure the strength of interactions between complemen-
tary DNA strands bound to the mica surface and AFM tip,
resulting in the direct measurement of the dependence of
DNA stability on duplex size (1,2). Similar approaches
were used in studies of various types of DNA-protein inter-
actions, including site-specific DNA-protein complexes
(3,4). Computational modeling of AFM probing experi-
ments of the interactions between biotin and streptavidin
described the biotin-streptavidin rupture process at the
atomic level (5). The most powerful method used to
describe the dynamics of rupture processes is the steered
molecular dynamics simulation. However, a direct com-
parison of the simulated results with experimental com-
putational results is complicated by the fact that these
simulations are limited to very fast pulling rates that areSubmitted December 24, 2014, and accepted for publication March 17,
2015.
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0006-3495/15/05/2333/7 $2.00many orders of magnitude larger that those used for tradi-
tional AFM experiments (6,7). Given the fact that the
rupture force increases with the pulling rate, a rigorous com-
parison of the experimental data and the computational re-
sults cannot be made. The implementation of the Monte
Carlo pulling (MCP) approach (8) allowed us to model
AFM probing at conditions close to experimental conditions
and revealed structural characteristics of transient states of
peptide dimers not attainable in other methods (9).
All of the experimental data described previously were
obtained in a setup that only analyzed the rupture process
and excluded the complex assembly process. The acquisi-
tion of assembly data would allow the entire assembly-
disassembly process at the atomic level to be modeled. Of
importance, in a typical AFM SMFS experiment, probing
is performed by approaching the molecular probe immobi-
lized to an AFM tip to different target molecules on the sur-
face to allow multiple probing after the initial rupture. Given
that there is possible variation in the local environment of
the target molecules, different types of interactions are
probed, thereby decreasing the accuracy of the comparison
with the simulation data. This problem can be solved if
the same probe-target pair is measured, and the assembly
pathways are detected in addition to the rupture process.
The flexible nanoarray (FNA) approach, described in thishttp://dx.doi.org/10.1016/j.bpj.2015.03.040
2334 Krasnoslobodtsev et al.work, includes both of these beneficial attributes. In the
FNA approach, interacting molecules are immobilized
within a highly flexible, linear polymer that enables the mol-
ecules to interact and form a complex. The complex disso-
ciates if the ends of the polymer are pulled, and the
complex forms again when the external force is removed.
The feasibility of the FNA technique was tested with the
flexible PEG-type polymer (PA approach) synthesized using
nonbase phosphoramidite linkers, as described in our recent
work (4). An important feature of the PA approach is that
it is based on DNA synthesis chemistry that allows the
incorporation of each monomer to be controlled during
the synthesis process. This allowed us to incorporate the
anchoring sites into the desired positions within the poly-
mer. Two amyloid b peptide molecules were covalently
anchored to preselected sites within the FNA tether, and
AFM force spectroscopy was used to pull the tether to
dissociate the peptide dimer. The pulling experiments
demonstrated that the peptides were capable of forming
dimers, and their stability was the same as the stability of
dimers formed during typical probing experiments with
the same peptides (10). Additionally, the peptides were
capable of assembling into the dimer if the pulling process
was reversed. MCP modeling was performed to characterize
the structure of the dimer formed within the FNA tether.MATERIALS AND METHODS
All reagents used for the synthesis of the FNA tether were purchased from
Glen Research (Sterling, VA) and ChemGenes (Wilmington, MA): spacer
18 phosphoramidite (18-O-Dimethoxytritylhexaethyleneglycol,1-[(2-cya-
noethyl)-(N,N-diisopropyl)]-phosphoramidite, 10-1918, Glen Research),
thymidine with linked amino group (amino T modifier, 10-1039, Glen
Research), Trityl-protected thiol (50-Thiol-modifier C6, 10-1926, Glen
Research), thiol controlled pore glass (CPG) (DMT-C6 disulfide lcaa
CPG 1000A˚, N-9987-10, ChemGenes), biotin phosphoramidite (Bio-
tinTEG Phosphoramidite, 10-1955, Glen Research), biotin CPG (Biotin
30-lcaa CPG 1000A˚, N-9162-10, ChemGenes), symmetric doubler phos-
phoramidite (10-1920, Glen Research). Tris(2-carboxyethyl)phosphine
(TCEP) hydrochloride was from Hampton Research (Aliso Viejo, CA).
Solvents: methanol (Fisher Scientific, Pittsburgh, PA); dimethyl sulfoxide
(DMSO, Fluka Chemika, New York, NY). Heterobifunctional MAL-
PEG3400-SVA was from Laysan Bio (Arab, AL). N-(g-Maleimidobutyryl-
oxysuccinimide ester) - GMBS (Pierce Biotechnology, Grand Island, NY)
All other reagents and solvents: DTT, beta-mercaptoethanol, methanol,
ethyl acetate, DMSO andN,N-diisopropylethylamine (DIPEA) were analyt-
ical grade from Sigma-Aldrich. Ammonium hydroxide solution, 28–30%
from Sigma-Aldrich and deionized water (18.2 MU, 0.22 mm pore size fil-
ter, APS Water Services, Van Nuys, CA) was used for all experiments.
Streptavidin-thiol (SAVT) was purchased from Protein Mods (Madison,
WI). 1-(3-aminopropyl)silatrane (APS) and maleimide-silatrane (MAS)
were synthesized as previously described (11,12).Methods
Synthesis of the FNA tether
The FNA tethers containing phosphoramidite (PA) monomers with
two sites for internal modification were synthesized using commerciallyBiophysical Journal 108(9) 2333–2339available nonnucleoside PA spacers (S18), and dT-amine PA. These
spacers have been commonly used to place a linker arm into a defined
site within synthetic oligonucleotides (13,14). Well-developed PA chemis-
try allows for routine synthesis of tethers with predetermined lengths and
composition. Additionally, the FNA tethers can be terminated with various
functional groups. Synthesis was performed on the MerMade-12 oligonu-
cleotide synthesizer with the standard 200 nmol DNA protocol (DMT
removal – coupling – cap – oxidation  cap) with coupling time extended
to 6 min.
The single biotin FNA tether was synthesized on a biotin CPG (Biotin
30-lcaa CPG 1000A˚, N-9162-10, ChemGenes), which is biotin immobi-
lized on a CPG support. During the first cycle, the DMT protective group
is removed from a biotin-connected linker to form a free –OH group,
which is then coupled to the PA of spacer S18. Oxidation in the next
step produces a stable phosphate linkage. The capping step protects the un-
reacted –OH groups from being involved in further reactions. These steps
were repeated four times followed by the incorporation of an amino T
modifier, six S18 units, another amino T modifier, and four S18 units fol-
lowed by DMT deprotection to yield a CPG-attached molecule containing
a total of 84 ethylene glycol units and two amino-modified thymidine in-
corporations. The resulting long linker with a terminal –OH group is
finally coupled to 50-Thiol-modifier C6 PA and then deprotected and
removed from CPG using standard aqueous ammonia deprotection (ammo-
nium hydroxide, room temperature 16 h). After the removal of ammonia,
the FNAwas purified using standard C18 reversed phase high-performance
liquid chromatography (acetonitrile gradient in 0.1M triethylammonium
bicarbonate pH 7.5 buffer). The final structure of the linker can be repre-
sented by the following formula: Trityl-S-(S18)4-(T-NH2)-(S18)6-(T-NH2)-
(S18)4-biotin.
Similarly, the FNA tether with two biotins was obtained starting with a
thiol CPG (DMT-C6 disulfide lcaa CPG 1000A˚, N-9987-10, ChemGenes).
After incorporation of four S18 units, an amino T modifier, six S18 units,
another amino T modifier, and four S18 units followed by DMT deprotec-
tion, the linker was split with symmetric doubler PA. After parallel double
deprotection of DMT groups, the linker was terminated with two biotin res-
idues by using biotin PA, resulting in simultaneous incorporation of two
biotin moieties. After standard deprotection and high-performance liquid
chromatography purification, the following FNA tether was obtained:
(biotin)2-(S18)4-(T-NH2)-(S18)6-(T-NH2)-(S18)4-C6S-SC6-OH.
Tip functionalization with streptavidin
Silicon nitride (Si3N4) AFM tips (MSNL10, Bruker AFM probes, Cama-
rillo, CA) were initially cleaned with methanol for 30 min, followed by a
water rinse and drying with argon flow. The tips were then exposed to ul-
traviolet (UV) light for 30 min. After the UV treatment, the AFM tips
were immersed in an aqueous solution of 167 mMAPS for 30 min followed
by multiple rinses in water and DMSO. Next, the AFM tips were immersed
in 0.5 mM MAL-PEG3400-SVA in DMSO containing 1% DIPEA followed
by a rinse in DMSO and phosphate buffered saline (PBS) buffer. The PEG-
modified tips were then treated with 100 nM SAVT in PBS buffer for 1 h.
The unreacted maleimide surface groups were then quenched with 10 mM
buffered (PBS, pH 7.0) b-mercaptoethanol for 10 min.
Mica surface modification with the FNA tether
Mica sheets (Asheville Schoonmaker Mica, Newport News, VA) were cut
into 1.5 cm 1.5 cm squares and glued onto a microscope glass slide using
epoxy glue EPO-TEK 353ND (Epoxy Technology, Billerica, MA) and
cleaved. Freshly cleaved mica surfaces were treated with an aqueous solu-
tion of 167 mMMAS for 3 h followed by several rinses in deionized water.
The surface was then exposed to a 35 mM solution of trityl deprotected FNA
tether in PBS, pH 7.0 buffer for 1 h. The deprotection of the trityl-protected
thiol group was achieved by treatment with silver nitrate (1 volume of 0.1 M
triethylammonium acetate (TEAA) buffer and 0.15 volumes of 1 M silver
nitrate) for 30 min. Excess silver nitrate was removed using DTT solution
(1 volume 0.1 M TEAA buffer and 0.2 volumes of 1 M DTT) for 10 min.
FIGURE 1 Scheme for the immobilization and internal modification of
the FNA tether with Ab14-23 peptides. (A) The tether consists of 14 nonnu-
cleotide PA linkers and contains two amino-modified thymidine nucleotides
(T), biotin (green diamond), and trityl-protected thiol; (B) Trityl protection
was removed with silver nitrate and DTT, followed by attachment of free
thiol to a maleimide functionalized mica surface (MAS-mica); (C) Primary
amines are converted to maleimide groups using heterobifunctional GMBS
linker; (D) attachment of cysteine containing Ab14–23 peptides to malei-
mide activated tether. To see this figure in color, go online.
Single Molecule Probing 2335The sample was centrifuged at 14,000 rpm for 15 min and the precipitate
was discarded. The excess DTT was removed by ethyl acetate extraction
(2 volume, 3 times). Similarly, the thiol for the linker with two biotins
was activated by using DTT solution (1 volume 0.1 M TEAA buffer and
0.2 volumes of 1 M DTT) for 10 min, followed by removal of DTT with
ethyl acetate extraction (2 volume, 3 times). The FNA tether concentra-
tion was measured with UV-vis and calculated using the extinction coeffi-
cient of thymine, εT(260) ¼ 7,500 M-1cm1.
Immobilization of Cys-Ab14-23 peptide within the FNA tether
Amyloid b peptide, comprising segment 14–23 of the Ab40 peptide
(Ab14-23) with a cysteine residue at the N-terminus, was covalently
attached inside of the end-immobilized FNA tether by the reaction with
GMBS. GMBS contains succinimidyl ester and maleimide groups that
provide a covalent link for the cysteine containing peptide to the primary
amine of the amino-modified thymidine on the synthesized PA linker. A
modified PA linker surface was immersed in 500 mM GMBS solution in
DMSO containing 1% DIPEA for 1 h, followed by a rinse in DMSO
and PBS buffer. A 20 nM peptide solution was then applied onto the sur-
face for 1 h followed by a rinse in PBS buffer.
Force measurements
SMFS measurements were performed with a Force Robot 300 (FR-300,
JPK, Berlin, Germany). Silicon nitride cantilevers (MSNL-10, Bruker
AFM probes) with nominal values of spring constants of ~0.04 N/m were
used. The spring constant for each cantilever was obtained using a thermal
method with the Force Robot 300 instrument. The ramp size was set
to 200 nm, with approach and retraction velocities kept constant at
500 nm/s. A low trigger force (100 pN) was applied. Force-distance curves
were acquired systematically at different points on the surface set by a grid
(5 5 mm), with points separated from each other by 50 nm. The dwell time
was set at 0.5 s. For multiple approach-retract force-distance (FD) on a sin-
gle spot, the following sequence was applied: 1) approach, 2) trigger
(100 pN), 3) initial withdrawal 20 nm, 4) force clamp at 75 pN, 5) approach
40 nm, 6) force clamp at 75 pN, 7) approach 40 nm, and 8) full withdrawal
to 200 nm. The dwell time between the segments was set to 0.1 s. All mea-
surements were performed at room temperature in an appropriate buffer
solution: 1) PBS buffer for pH ¼ 7.0 and 2) acetate buffer for pH 5.1. A
typical data set, as shown in Fig. S1 in the Supporting Material, was ac-
quired in ~8 h from the beginning of the modification to the end of data
collection.
Data analysis
Thousands of FD curves were collected for each experiment. The curves
were filtered using the Data Processing software of the JPK Force Robot
300 instrument by selecting those that contained rupture events. The curves
were then fitted with a worm-like chain (WLC) model incorporated into the
DP software of JPK. From the fit of the FD curves, two parameters were
determined: 1) contour length, LC and 2) persistence length, Lp. Further
data analysis, such as LC calculations, histogram plots, and plots of FD
curves were performed in MagicPlot Pro 2.5.1.
For the curves with peptide-peptide rupture, the contour length differ-
ence, DLC, between rupture features observed in the FD curves was calcu-
lated by transforming FD space into contour length (LC) space using a
previously described method (15,16). Using this method, each point of
the FD curve was converted to LC by solving the WLC equation for the con-
tour length. The obtained contour length values were assembled into histo-
grams. The most probable contour length difference, DLC, was estimated
from the Gaussian fits of the histogram.
MCP simulation
The force curves were calculated using MCP simulations as described in
(9). The dimer structures were obtained using the PROFASI software pack-
age with the implicit water all-atom model and the FF08 force field (17).The total energy during the pulling process was calculated by using the
following equation:
Etot ¼ EðxÞ þ k
2
½L0 þ vt LðxÞ2;
where E(x) is the energy in the absence of an external force, t is MC time, kis the spring constant of the probe, L0 represents the distance between the
Ca atoms of the Cys residues at the N-termini from the initial conformation,
L(x) is the distance between the Ca atoms of the Cys residues during MC
pulling, x denotes a protein conformation, and v is the pulling rate that is 0.1
fm per MC step. This value is equivalent to 600 nm/s, which is close to the
pulling rate for a typical AFM force spectroscopy experiment.RESULTS
FNA approach
Fig. 1 schematically explains the peptide immobilization
methodology with the FNA tether. Solid-phase phosphora-
midite (PA) oligonucleotide synthesis chemistry was used
to synthesize the FNA tether (4). The tether, depicted with
a blue line in Fig. 1 A, consists of 14 nonnucleotide PA
linkers, two amino-modified thymidine nucleotides (T in
Fig. 1 A), and end modifications: trityl-protected thiol and
biotin (green diamond). The two modified thymine residues,
bearing primary amines, are separated by six PA units and
act as the anchor points for peptide conjugation. Four PA
units separate the T residues from the tether ends. Each
PA unit consists of six ethylene glycol monomers, lending
the FNA tether mechanical properties of PEG (4). The
FNA was cleaved off the CPG after its synthesis, yielding
the polymer schematically shown in Fig. 1 A. The product
was treated with silver nitrate and DTT to remove the trityl
protection and produce a free thiol group that was reacted
with the maleimide functionalized mica surface (MAS-
mica) (4,11). The immobilized FNA tether (Fig. 1 B) was
then treated with a short heterobifunctional GMBS linker
to yield product (C), shown in Fig. 1. At this step, theBiophysical Journal 108(9) 2333–2339
FIGURE 3 Representative FD curve of the FNA tether modified with the
Ab peptide. The peptide-peptide rupture produces a contour length LC1
(blue dashed curve), whereas a complete rupture of FNA after the dissoci-
ation of the streptavidin-biotin link corresponds to contour length LC2 (red
dashed curve). To see this figure in color, go online.
2336 Krasnoslobodtsev et al.primary amino groups of the internal amino-modified
thymidine residues were converted to maleimide groups
capable of covalently binding the Cys-terminated peptides
to the tether. In the final modification step shown in Fig. 1
D, Cys Ab14–23 peptides, depicted with red bars, were con-
jugated to the FNA tether. In this design, the two Ab(14–23)
peptides are separated by 6 PA monomers, corresponding to
the contour length of 12 nm.
Due to the flexibility of the tether, the Ab(14–23) pep-
tides can form a dimer, shown schematically in Fig. 2.
The free end of the FNA contains biotin moieties that are
used as anchors to pull the tether by the AFM tip that is
functionalized with streptavidin (Fig. 2). Streptavidin is
immobilized via a flexible bifunctionalized PEG tether
and facilitates the biotin-streptavidin bond formation at
the approach stage of the probing experiment. The rupture
of the peptide dimer is accompanied by the loop extension
that was measured in the probing experiment (Fig. 2, B and
C). The noncovalent, streptavidin-biotin attachment strat-
egy allows different locations on the AFM substrate to be
probed after the rupture of the biotin-streptavidin anchor
(Fig. 2 D).Probing peptide-peptide interactions using the
FNA approach
Interactions were probed in multiple approach-retraction cy-
cles, resulting in FD curves of two types. Type one resem-
bles the FD curves measured in control experiments with
FNA containing no peptides (Fig. S1), corresponding to
FNA with either no peptides or only one immobilized pep-
tide (5.4% of all FD curves). Another type of FD curve,
shown in Fig. 3, has two obvious ruptures comprising
1.1% of all FD curves. The approximation of both segments
of the force curves with the WLC is shown with red and blue
dotted lines. Fitting both segments of the FD curve resulted
in the following contour lengths for the curve shown in
Fig. 3: LC1 ¼ 42 nm for the first rupture, and LC2 ¼
52 nm for the second rupture. The latter value corresponds
to contour lengths of the control in Fig. S1. Therefore, weBiophysical Journal 108(9) 2333–2339interpret the first peak in the FD curve as the rupture of a
peptide-peptide contact that is then followed by the rupture
of the streptavidin-biotin bond. The difference between the
contour lengths (DLC) indicates the size of the released loop
upon rupturing the peptide-peptide contact, ~10 nm. This
value is very close to the expected distance between the pep-
tide monomers, suggesting that the immobilized Ab(14–23)
peptides can form a dimer that dissociates under the pulling
force. We have analyzed DLC values for all the force curves
containing peptide-peptide rupture and the histogram of the
DLC values is shown in Fig. S4.Conformations of the peptide dimers
It has been demonstrated that the Ab(14–23) peptide has a
tendency of forming a structure with antiparallel orientation
of monomers (18) which is in line with our computer simu-
lations (9,10). However, according to Fig. 2, the peptides are
conjugated to the FNA tether in such a way that the assem-
bly with parallel orientation of monomers can be preferable.
Given the fact that parallel dimer dissociates by unzipping
pathway rupturing one backbone hydrogen bond at a time,
the rupture force will be larger for the antiparallel dimer,
in which the hydrogen bonds would break simultaneously
in one step at once (9). To test whether our peptides are ar-
ranged in parallel or antiparallel orientation upon binding,FIGURE 2 Probing experiment with the use of
the FNA tether. During the approach stage (A), the
FNA tether is picked up at the biotinylated end by
an AFM probe functionalized with streptavidin. (B
and C) Retraction of the AFM probe away from
the surface results in the rupture of the peptide-pep-
tide contact. (D) Rupture of the streptavidin-biotin
link. To see this figure in color, go online.
Single Molecule Probing 2337we compared rupture forces obtained from simulations for
both parallel and antiparallel case with experimental rupture
forces. Note that for the simulations we used our recent
MCP approach in which the pulling speed is similar to the
experimental one, so the dimer structure can be predicted
from the direct comparison of the calculated rupture forces
with those obtained in the experiment (9). A few simulated
force curves are shown in Fig. S2, and the comparison of the
rupture force distributions of the experiment and simula-
tions is shown in Fig. 4. Both distributions are approximated
with one peak, and the peak value for the experiment, 485
6 pN, is considerably larger than the peak value obtained for
the simulation with a parallel orientation, 305 4 pN. At the
same time, the experimental value is very close to the peak
value, 495 8 pN, obtained during AFM force spectroscopy
experiments performed by probing Ab(14–23) monomers
immobilized onto the AFM tip and surface (10). MCP
computational modeling of the AFM pulling data for
Ab(14–23) performed in (9) led to the conclusion that the
dimer is assembled into an antiparallel orientation rather
than a parallel orientation. Specifically, the antiparallel
out-of-register assembly of the peptides is the preferred
conformation of the Ab(14–23) peptides in the dimer (9).
Therefore, we conclude that the dimers assembled from
monomers tethered to the FNA polymer also adopt an anti-
parallel orientation, suggesting that immobilization to FNA
does not change the conformational preference of the mono-
mers during their assembly into dimers.Reversible approach-retract
Next, we tested the reversibility of the probing process us-
ing the FNA approach by performing experiments in whichFIGURE 4 Rupture force distribution: (A) MCP and (B) experimental
data using the FNA approach. The histograms were fitted using the
Gaussian function. To see this figure in color, go online.the dimer rupture event occurred before the rupture of the
streptavidin-biotin link. Typical results are illustrated in
Fig. 5. In this experimental data set, the probe initially
(curve A) was moved away from the surface and was trig-
gered at ~75 pN, allowing the rupture of the peptide dimer
to be observed without breaking the biotin-streptavidin
bond.
The segment of the force curve after the star symbol,
corresponding to the dimer rupture point, was approxi-
mated with the WLC curve. The stretching follows the
WLC with the contour length value corresponding to
the expected LC for the full length of the linkers used in
the setup. The deviation of the force trace from this curve
is due to extension of the shorter tether before dimer
dissociation. The first approach step (Fig. 5 B) shows
FD dependence for linker relaxation without any hystere-
sis. Note that the probe was also stopped before reaching
the surface in the approach step, resulting in the gentle
formation of peptide-peptide interactions, without any
mechanical distortion or pressing on the peptide-peptide
dimers and/or linkers. The subsequent retraction of the
probe (Fig. 5 C) reveals initial stretching of the shorter
tether followed by the dimer rupture event. The remaining
trace before the trigger force, shown in Fig. 5 A, was
approximated with WLC with parameters similar to the
initial pulling experiment. The subsequent approach
(Fig. 5 D) and the complete retract (Fig. 5 E) follow the
same pattern observed before, with the linkers relaxing
upon approach (B) and peptide-peptide rupture occurring
upon retraction (C). The difference in the two rupture
events in the last FD curve is 10 nm, which is in concor-
dance with the initial rupture of the dimer followed
by biotin-streptavidin dissociation. Thus, the reverse
FNA technique is possible, and the tethered Ab(14–23)FIGURE 5 Typical FD curves observed for the reversible approach-
retract experiments. (A) Initial unfolding step. The asterisks indicate the
rupture event for the dimer. (B) The first folding step. (C) The second un-
folding step. (D) The second folding step and (E) the full unfolding event
leading to the dissociation of the biotin-streptavidin link. Smooth curves
on the folding-unfolding traces correspond to the WLC approximations
of the curves. To see this figure in color, go online.
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ation step.DISCUSSION
FNA for peptide dimer assembly and probing
The results described previously show that Ab(14–23) pep-
tides immobilized inside an FNA tether can assemble into a
dimer. Of importance, tethering to FNA does not change
the dimer assembly process from those dimers formed by
monomers not tethered to FNA. This finding suggests that
the flexibility of the FNA polymer is sufficient to allow the
monomers to orient in the optimal way required for dimer as-
sembly. The FNA polymer consists of repeating PA-6-PEG
units; therefore, the mechanical properties of the PEG poly-
mer define the flexibility of the FNA polymer. According to
the experimental data and the computational analyses (19),
the persistence length - P of the PEG polymer is as small as
one PEG unit; therefore, one FNA monomer already has
the length of six P.Hence, the FNA spacer between themono-
mers, consisting of six PA units, has the length of 36 P and
behaves as a random coil, allowing the spacer ends and the
monomers attached to them to adopt anypossible orientation.
Additionally, according to the MD simulations of Lee et al.
(19), PEG polymers equilibrate in the nanosecond timescale;
therefore, the FNA polymer thermal mobility should not
impose barriers to dimer formation during the AFM probing
experiments because the approach and retraction occurs in
the subsecond timescale (0.4 s at 500 nm/s). This supports
the observations that the dimers assemble during relaxation
of the reverse phase (Fig. 5).
In the FNA construct used in these studies, the peptides
were placed at a distance of ~12 nm, which was sufficient
for pulling themonomers apart. The distance can be increased
based on the sizes of the interacting molecules and the size of
the entire FNA polymer. The FNA tether is synthesized using
PA chemistry that is typically used for the synthesis of oligo-
nucleotides; therefore, the synthesis of the FNA tether with a
total length of 18 PA units is equivalent to the synthesis of an
18-mer DNA oligonucleotide. Because much longer DNA
can be synthesized, the synthesis of an FNA polymer as
long as 50 PA units is a routine task for any DNA synthesizer.
If the amines are separated by ~40 PA units, the distance be-
tween them will be as large as 80 nm, which would be suffi-
cient to immobilize and probe large molecules.
Although, we have focused on the feasibility of the FNA
approach to probe peptide dimer assembly, further quantita-
tive analysis of dimer assembly can be envisioned. For
example, using our FNA it would be possible not only to
detect whether refolding is the same or not for each pull by
comparing patterns (LC) of consecutive unfolding curves
but also determine positions of the binding sites within pep-
tides/proteins because we know precisely the distance be-
tween peptide attachment locations within the FNA tether.Biophysical Journal 108(9) 2333–2339Another possibility is obtaining the rebinding rate frommul-
tiple reversible pulling for one pair of peptides. Our refolding
curves stop before touching the surface for a certain period of
time (dwell time). Following the procedure described in
(20,21) it would be possible to estimate the association rate
by plotting binding probability as a function of dwell time.The strength of the FNA noncovalent link
The noncovalent bond is critical for the FNA application. It
is required to grab and hold the construct at sufficiently high
forces to allow the interactions between the tethered mole-
cules to be analyzed. We chose biotin/streptavidin because
it is the most robust and widely used means of attachment
in SMFS (22). Biotin can be incorporated into the FNA dur-
ing synthesis, adding an additional convenience to the FNA
approach. Experiments using FNAwith no conjugated pep-
tide (Fig. S3 A) showed that the biotin-streptavidin link
forms during the approach stage, and the rupture force dis-
tribution is narrow, with the mean force value of 615 7 pN.
This low strength value of the link can be increased by at-
taching two or more biotin residues to the tether end because
streptavidin, as a homotetramer, can potentially bind up to
four biotin molecules (23,24). Two biotin residues were
attached to the end of the FNA tether using a branched sym-
metric doubler, thus separating the biotins by ~6 nm. This
distance provided a comfortable fit for the biotin-binding
pockets on the streptavidin tetramer surface, which, accord-
ing to (25), should be larger than 2.9 nm. Fig. S3, B shows
the force distribution for the FNA di-biotin construct. The
distribution is narrow, but the maximum of the force distri-
bution for double biotin, 114 5 11 pN, is almost twice as
large as that for single biotin, 61 5 7 pN, suggesting that
the proposed design is capable of binding two biotins and
substantially increasing the stability of the terminal anchor.
The strength can be increased further by using the method
described in (26), in which the terminal thiol group of the
polyprotein created a bond as strong as 535 5 245 pN
when a gold-coated AFM probe was used. Instead of biotin,
a thiol group can be incorporated during FNA synthesis, or
the thiol group can be conjugated to the FNA after its immo-
bilization, i.e., by using an amine to thiol cross-linking
agent.FNA-based applications beyond AFM force
spectroscopy
The FNA approach can be used in a variety of force spec-
troscopy techniques, including AFM force spectroscopy
and optical tweezers. The latter commonly uses a biotin-
streptavidin link for immobilization, and this link has been
used in this study for picking up one end of the FNA tether
with an AFM probe. The reactive groups on the other end of
the FNA polymer facilitate its appropriate surface attach-
ment. The range of potential FNA applications is not limited
Single Molecule Probing 2339to force spectroscopy techniques. The FNA approach can be
applied to various single-molecule studies involving two or
more interacting molecules. The molecules remain in close
proximity to each other when they are tethered to FNA. This
enables the same complex to be continuously observed, and
alleviates the risk of losing the molecules. Therefore, we
anticipate that FNAwill be useful for single-molecule tech-
niques such as Fo¨rster resonance energy transfer if the mol-
ecules are appropriately labeled.
The primary strength of the FNA technique is that it is
capable of analyzing intermolecular interactions within the
same molecular complex in multiple unfolding-refolding
cycles, unlike a typical force spectroscopy experiment
during which different target molecules are probed (e.g.
(26–29) and references therein). Other strengths of the
FNA technique are the convenience of FNA synthesis and
the ability to incorporate different functionalities into the
tether. Additionally, FNA is a neutral PEG-based tether
and is not expected to affect peptide/peptide interactions.SUPPORTING MATERIAL
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